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Parental care was likely the first step most lineages made towards sociality. However, the molecular 13 
mechanisms that generate parental care are not broadly characterized. Insects are important as an 14 
evolutionary independent group from classic models of parental care, such as, house mice. They provide 15 
an opportunity to test the generality of our understanding. With this review, I survey the functional 16 
genomics of parental care of insects, summarize several recent advances in the broader framework for 17 
studying and understanding parental care, and finish with suggested priorities for further research. 18 
Although there are too few studies to draw definitive conclusions, I argue that natural selection appears to 19 
be rewiring existing gene networks to produce parental care, that the epigenetic mechanisms influencing 20 
parental care are not well understood, and, as an interesting early consensus, that genes strongly 21 
associated with carer/offspring interactions appear biased toward proteins that are secreted. I summarize 22 
the studies that have functionally validate candidate genes and highlight the increasing need to perform 23 
this work. I finish with arguments for both conceptual and practical changes moving forward. I argue that 24 
future work can increase the use of predictive frameworks, broaden its definition of conservation of 25 
mechanism to gene networks rather than single genes, and increase the use of more established 26 
comparative methods. I further highlight the practical considerations of standardizing analyses and 27 
reporting, increasing the sampling of both carers and offspring, better characterizing gene regulatory 28 
networks, better characterizing taxonomically restricted genes and any consistent role they have 29 
underpinning parental care, and using factorial designs to disentangle the influence of multiple variables 30 
on the expression of parental care.  31 
 32 
 33 





• Current studies suggest evolution is rewiring existing gene networks  39 
• Thus far, DNA methylation has no strong role regulating parental care of insects.  40 
• The field almost completely lacks validated genes with causal links to phenotypes. 41 
• Standardized analyses and reporting are needed to make studies more comparable.  42 
• Conservation of mechanism at gene networks rather than single genes is likely beneficial. 43 
• Sampling both carers and offspring and better characterizing gene regulatory networks are 44 
needed. 45 
 46 
  47 
 3 
Introduction.   48 
 49 
Understanding sociality is a major goal of evolutionary biology (sensu Maynard Smith & Szathmáry, 50 
1995; NESCent Working Group, 2014; Kramer & Meunier, 2018). The evolution of family units and 51 
parental behavior is generally considered to be a common first transition into sociality for many animal 52 
lineages (Kramer & Meunier, 2018). As lineages transition from solitary to social, they must overcome 53 
the costs of sociality (Kramer & Meunier, 2018). They must also generate parental phenotypes from 54 
standing genetic variation, new interactions between existing gene pathways, novel expression patterns of 55 
existing gene pathways, or de novo genes (reviewed in Korb & Heinz, 2016; Jones & Robinson, 2018). 56 
Therefore, parental care likely holds a pivotal position for understand sociality, as well as generally 57 
helping us better understand the mechanisms that underpin complex behaviors. This review provides a 58 
general summary of the functional genomics (differential gene expression and its regulation) of the 59 
parental care of insects from the last five years, since RNA-sequencing has become more accessible. It 60 
will include species with alloparental care where adult siblings care for offspring rather than parents (e.g., 61 
honey bees). To further focus this review and where possible, only research that directly observed 62 
parental care and sampled specific tissues of interest will be included (i.e., little focus on studies that used 63 
entire animals; see Johnson et al. (2013) or Montgomery and Mank (2016) for further discussion). For 64 
Hymenopteran species, I will bias discussion towards research that looked at difference of behavior 65 
within one caste (i.e., little focus on queen vs worker comparisons). Although there are a limited number 66 
of studies, some possible early conclusions will be highlighted.  67 
 I will first comment on how parental care will be defined here (i.e., as a summation of many 68 
individual traits), why invertebrates are well suited to answer some questions, and why functional 69 
genomics is a relevant area to understand the mechanics of parental care. I then survey the current state of 70 
the field and then will propose considerations for how the field can move forward. My survey will 71 
provide a concise review of 1) experimental transcriptomic work of carers, 2) experimental epigenetic 72 
work of carers, 3) experimental work when both carer and offspring are assessed, and 4) the functional 73 
validation of targets through genetic manipulations. I finish with arguments for future directions. Theses 74 
highlight conceptual advances that should be integrated into future studies and also highlight some 75 
practical considerations.  76 
 77 
Parental Care 78 
 79 
As a higher order trait, parental care is produced from an integration of many external and internal signals 80 
with an individual’s internal state. It is a categorization and not a behavior per se with actual phenotypes 81 
being the individual behaviors combining to produce the overall “parenting” state (i.e., parenting is 82 
produced from individuals modifying their feeding, sociality, aggression, reproductive, etc. behaviors; 83 
Cunningham et al., 2017; Kohl et al., 2018; Moore and Benowitz, 2019). Here, parental care will be 84 
defined as a behavior that is directed towards offspring, that increases offspring fitness, and that 85 
originated and is maintained for that purpose (Klug et al., 2012).  86 
 87 
Why invertebrates? 88 
 89 
Understanding the evolution of parental care requires sampling animals of many lineages with highly 90 
analogous behaviors and using a strict comparative framework to evaluate patterns (NESCent Working 91 
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Group, 2014; Fisher et al., 2019). Beyond just providing a more complete understanding of the evolution 92 
of any trait, comparative work is of increasing importance as we seek to test the generality of our 93 
understanding from classical models with novel species expressing analogous behaviors (e.g., Phelps et 94 
al., 2010; Kelly & Ophir, 2018; Fischer et al., 2019). Invertebrates offer a great opportunity to test our 95 
understanding as they have many independent lineages that have evolved parental care, from very simple 96 
indirect care (food provisioning, e.g., dung or carrion beetles) to elaborate and extended direct parental 97 
care (feeding offspring from specialized tissues, e.g., honey bees; Trumbo, 2012). Furthermore, both the 98 
ultimate causes and proximate mechanisms must be evaluated to completely understand the evolution of 99 
parental care (Boake et al., 2002; Bateson and Laland, 2013; NESCent Working Group, 2014, 2015). 100 
Ultimate and proximate causes underpin the evolution of a phenotype and the mechanisms producing a 101 
phenotype, respectively (Bateson and Laland, 2013). Much work pursues the evolutionary causes and 102 
mechanisms of parental care of vertebrates (Dulac et al., 2014; Fisher et al., 2019). This is mirrored for 103 
invertebrates for the ultimate causes (Kramer & Meunier, 2018), but only recently have more than a 104 
handful of species been evaluated for the proximate mechanisms that underpin parental care. 105 
 106 
Why functional genomics? 107 
 108 
Parental care can be studied at many levels (e.g., selective forces, ecological, behavioral, physiological, 109 
molecular) or by assaying many molecular mechanisms (e.g., physiological, endocrine, neural, genetic). 110 
Here, I will focus on gene expression, both the gene networks that are (de)activated or modulated during 111 
parental care and the mechanisms performing these actions, namely epigenetic mechanisms (DNA 112 
methylation, histone tail post-translational modifications, non-coding RNA). This focus is appropriate for 113 
several reasons, some of which are conceptual and some of which are practical. First, behavior, like any 114 
other trait, is ultimately traceable to when and what genes are collectively expressed (Boake, et al., 2002; 115 
Cardoso et al., 2015). Second, differences of gene expression are an excellent predictor of differences of 116 
protein abundance after responding to a stimulus to change a cellular state (e.g., Jovanovic, et al., 2015; 117 
Koussounadis et al., 2015). For example, gene expression changes explain more than 90% of the variation 118 
of protein abundance changes in response to environmental stimuli (Jovanovic, et al., 2015). This highly 119 
predictive association is important to note as proteins are the actual direct effectors of cellular functions 120 
(Evans, 2015). This contrasts with gene expression being a relatively poor predictor of standing or 121 
maintenance protein abundance (e.g., Vogel & Marcotte, 2012; Franks et al., 2016). Third, although other 122 
mechanisms that influence behavior are also important (e.g., neurotransmitters, hormones), studies of 123 
gene expression are found among many taxa as they are well suited to capturing global genome dynamics 124 
that control many phenotypes (Evans, 2015; Ritschoff & Hughes, 2018; Stark et al., 2019). Studies of 125 
gene expression are also particularly well suited to capture the broad temporal range over which behavior 126 
can shift (Ritschoff & Hughes, 2018). Fourth, it is efficient way to gain maximum comparative insight 127 
when adding a new species to examine the mechanisms of a phenotype due to its tractability within non-128 
model organisms. More practically, gene expression investigated with RNA-sequencing will likely 129 
continue to be the go-to first step when interrogating the molecular mechanisms of a phenotype. This is 130 
due to its ease of use, standardized practices (Conesa et al., 2016), and well-characterized technical issues 131 
allowing for efficient experimental design (Todd et al., 2016). These factors make a review based on this 132 
technology and other next-generation sequencing technologies useful for the future.  133 
 134 
Experimental work investigating parental care - Transcriptomes.  135 
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 136 
There are seven species of insects that have been made molecularly tractable and have been used to 137 
explore the transcriptomic basis of parental of insects; the burying beetles Nicrophorus vespilloides and 138 
Nicrophorus orbicollis, the pharaoh ant Monomorium pharaonis, the clonal raider ant Ooceraea biroi, the 139 
carpenter bee Ceratina calcarata, the ant Temnothorax logispinosus, the European earwig Forficula 140 
auricularia, and the Western honey bee Apis mellifera. The honey bee is the most well established and 141 
several other reviews of their behavior exists (e.g., Zayed and Robinson, 2012). Therefore, this review 142 
will only highlight more recent work of Western honey bee transcriptomics. Where there is enough work, 143 
I group my discussion by species; otherwise, topics are reviewed with species aggregated.  144 
 145 
 Transcriptomic architecture of carers. Distinct transcriptional profiles are associated with 146 
distinct behavioral states (reviewed in Zayed and Robinson, 2012; Cardoso et al., 2015). This empirically 147 
supported thesis is the basis of functional genomic studies of behavior over the past decade. A take home 148 
message is that there are studies of the genomic basis of parental care of insects, but only preliminary 149 
conclusions are possible. This is mostly driven because studies are spread over many species and life 150 
history stages (larvae, adults, castes). It is difficult to know what differences are attributable to lineage, 151 
life history, or style of behavioral transition (permanent or reversible). This makes rigorous testing of 152 
alternative explanations premature, but some early consensus conclusions can be proposed. There are 153 
some similarities with metabolic pathways being repeatedly detected and with specific genes or gene 154 
families being repeatedly detected, such as, vitellogenin (discussed below).  155 
 Another take-home message is that selection seems to be coopting existing gene networks to 156 
produce parental care. In this way, parental care is mirroring the conclusions of evo-devo studies of 157 
morphological traits (e.g, Wittkopp and Kalay, 2012). However, a rigorous test of the proportion of 158 
conserved vs non-conserved genes underpinning parental care is not currently possible despite this being 159 
a central question of the field for many years (e.g., Robinson and Ben-Shahar, 2002)  160 
 Burying Beetles. Burying beetles are subsocial beetles that bury carcasses, keep them from 161 
decaying, and directly regurgitate food to offspring. Two species are currently molecularly tractable, N. 162 
vespilloides and N. orbicollis. Both males and females of these species care for offspring. There are a 163 
number of studies that have looked at the molecular mechanisms of this parental care. The first contrasted 164 
uniparental males and females to biparental males and females (Parker et al., 2015). They showed that 165 
there was ~750 genes differentially expressed between uniparental caring and before caring of both sexes 166 
with surprisingly little overlap (26.9%) given that each sex was preforming the same behaviors. 167 
Differentially expressed genes during parental care were enriched for food processing and included 168 
several vitellogenin’s (Parker et al., 2015). Benowitz and colleagues (2017) looked for a quantitative 169 
association between levels of direct care (high or low regurgitation of food to offspring) and gene 170 
expression. They used both sexes under uniparental conditions and two species, N. vespilloides and N. 171 
orbicollis. They did not find a strong transcriptional signature between sexes, species, or levels of care. 172 
However, using gene set enrichment analysis, they did find that the top 100 differentially expressed genes 173 
of N. vespilloides females were also enriched in N. vespilloides and N. orbicollis males. They also found 174 
that the differentially expressed genes of the Parker et al. (2017) study associated between non-care and 175 
care were enriched in both sexes of N. vespilloides between the two level of provisioning. They suggested 176 
that variation of care is likely linked to many subtle transcriptional differences and that genes responsible 177 
for behavioral shifts (non-caring vs caring) are also involved in variation of care behavior. Cunningham 178 
and colleagues (2019) used the ability of males to take over direct care when their female mate separate 179 
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the influence of care, social context, and behavioral flexibility on gene expression. They found ~550, 180 
~100, and ~20 genes associated with these variables, respectively, showing the greatest influence is from 181 
behavior. Biological function of these genes was associated with metabolism (Cunningham et al., 2019). 182 
The general trends here are broadly consistent with reuse of established gene networks produce parental 183 
phenotypes.  184 
 Pharaoh Ant. The pharaoh ant (M. pharaonis) is a eusocial species that displays task 185 
specialization based on age, from brood care to foraging, very similar to Western honey bees. Several 186 
studies have been conducted on the molecular underpinnings of these tasks. We will focus on gene 187 
expression associated with brood care. Mikheyev and Linksvayer (2015) studied the transition from brood 188 
care to foraging and found ~2,500 genes differed between the tasks. Nurse up-regulated genes were 189 
highly enriched for metabolic functions, while forager genes were underrepresented for metabolic 190 
functions. Fourteen of their gene co-expression networks switched the direction of their association within 191 
three days with the task changes as workers aged and switched tasks suggesting gene networks were 192 
being turned on and off across the transition. They also showed that nurse upregulated genes had higher 193 
rates of molecular evolution and were less well connected within their gene co-expression networks 194 
(Mikheyev and Linksvayer, 2015). Further concentrating on just brood care, Walsh and colleagues (2018) 195 
showed that there are behavioral specializations of nurses based on larval developmental stage and this is 196 
mirrored with a transcriptomic signature of this specialization. They found ~210 genes differentially 197 
expressed between nurses specializing on old vs young larvae and, as before, the genes were highly 198 
enriched for metabolic functions and for secreted proteins, proteins made specifically to be exported from 199 
cells (Walsh et al., 2018). Warner and colleagues (2019a) tried to better understand the basis of age-based 200 
task specialization in both pharaoh ant and honey bees. However, they found few differentially expressed 201 
genes shared between the heads of nurses and foragers of each species (405 for M. pharaonis and 927 for 202 
A. mellifera). Abdominal gene expression between the castes of the two species was more similar 203 
(Warner et al., 2019a). Warner and colleagues (2019b) also collected just nurses and the larvae they were 204 
caring for through a developmental time-series. For the nurses, they found ~2,650 differentially expressed 205 
genes through the developmental time-series. This study reinforced earlier findings of nursing genes 206 
being enriched for genes that produce secreted proteins and being less evolutionarily constrained (i.e., 207 
higher rates of non-synonymous substitutions; Warner et al., 2019b). It might be that during a major 208 
evolutionary transition, such as, a transition from solitary to social, there is an increased likelihood of 209 
evolving novel genes as novel master regulators of established regulatory network. These studies are 210 
broadly consistent with the reuse of gene networks underpinning brood care but do suggest that some 211 
lineage specific genes contribute. 212 
 Clonal Raider Ant. The clonal raider ant (O. biroi) is a eusocial species whose colonies alternate 213 
between asexual reproductive and brood care/foraging phases and these phases can be manipulated 214 
through the introduction or removal of eggs or larvae. Libbrecht and colleagues (2018) conducted an 215 
experiment where they added larvae or pupae to broods that had just initiated the opposite phase. They 216 
sampled the manipulated broods at 6, 12, 24, 48, and 96 hours after manipulation. They showed 217 
differences in the timing of gene expression changes transitioning into and out of brood care, gene co-218 
expression networks associated with each transition (27 and 35 gene co-expression networks, 219 
respectively), and a core set of known transcription factors enriched within these networks. The 220 
transcription factor forkhead was a noted candidate master regulator being enriched within some networks 221 
for both types of phase transitions (Libbrecht et al., 2018). In the reproductive to brood care phase 222 
 7 
transition, the top 40 differentially expressed genes contained many genes linked to neural functions and 223 
metabolism.  224 
 The carpenter bee C. calcarata. Ceratina calcarata is a subsocial bee. The founding mother will 225 
guard, forage, and groom offspring until late into the reproductive season when the oldest and 226 
morphologically distinct offspring is forced into taking over care of siblings. Rehan and colleagues (2014) 227 
sampled many stages, but for our concerns here, sampled caring mothers and caring oldest daughters over 228 
the course of a breeding cycle. They found few genes associated with care (~180) and most were 229 
unannotated. However, enriched gene ontology terms were associated with neural function, protein 230 
regulation, and gene regulation. In this case, it is possible or likely the lack of annotation is driven by this 231 
being an early study. One gene of interest was an odorant binding protein and that is consistent with the 232 
role of olfaction being an important mediator of social behavior (e.g., Trible et al., 2017). In a similar 233 
analysis, Shell and Rehan (2019) assayed mothers over a breeding season. Differentially expressed genes 234 
for caring behaviors were identified (guarding/grooming: ~1,140; nesting: ~330) and were well conserved 235 
across bees. They noted that genes differentially expressed during guarding were well conserved 236 
compared other behavioral states. Enriched biological processes were metabolic, immune, and neural 237 
functions.  238 
 The ant T. longispinosus. Temnothorax longispinosus is an eusocial species of long-lived 239 
individuals whose workers specialize on brood care or foraging based on age. Kohlmeier and colleagues 240 
(2019) were able to manipulate age and task and control for fertility status (workers are not completely 241 
sterile) to disentangle the influence of behavior from other variables. They found thousands of genes 242 
associated with brood care (~3,600 genes), including vitellogenin’s. These gene were enriched for 243 
biological functions of DNA integrity and metabolic functions (oxidative stress response, lipid 244 
processing). Interestingly, behavior had an outsized influence on the transcriptome with only ~370 and 245 
~70 genes associated with age and fertility status, respectively. This mirrors the same conclusion from 246 
Cunningham and colleagues (2019) who contrasted behavior, social context, and behavioral flexibility.  247 
 The European earwig. Forficula auriculari is a sub-social species of earwig. Females guard 248 
eggs and provision food to hatched offspring. Contrasting mothers that were removed from eggs, allowed 249 
to guard eggs, or allowed to guard eggs and interact with offspring, Wu and colleagues (2020) found 250 
~1,600 genes associated with care across four tissues and ~700 were within the head. The differentially 251 
expressed genes included vitellogenin’s, many metabolic genes, but the majority were uncharacterized. 252 
Here, there seems to be a mix of conserved and uncharacterized genes underpinning care. The 253 
uncharacterized genes might truly be novel or might be driven by annotation problems as this is a new 254 
species to this field. 255 
 The Western honey bee. Apis mellifera is a eusocial species whose workers show age-based task 256 
specialization with young workers providing brood care and older workers foraging. This is the best-257 
studied and characterized species reviewed here. Hamilton and colleagues (2019) reanalyzed much of the 258 
functional genomics data to produce a more complete picture of how several behaviors are regulated (i.e., 259 
brood care, foraging, aggression). They found twenty, known transcription factors could explain much of 260 
the transcriptional variation associated with behavioral state. They further showed that for five of the 261 
twenty transcription factors variation in downstream differentially expressed was an interaction between 262 
the expression of the transcription factors and the specific behavior expressed. These genes showed strong 263 
changes in their quantitative relationship to target genes or changes in the direction of their relationship 264 
with target genes dependent on the behavioral state (Hamilton et al., 2019). This is strong evidence of 265 
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context specific cooption of transcription factor to regulate new behaviors, but again suggests that there is 266 
a rewiring of gene networks rather than new genes producing parental care.  267 
 268 
Experimental work investigating parental care - Epigenetics.  269 
 270 
Social behavior is highly responsive to changes of social context and an individual’s internal state (Bailey 271 
et al., 2018; Bludau et al., 2019). Across the animal kingdom, much of this responsiveness is mediated 272 
through epigenetic mechanisms, including DNA methylation, histone post-translational modifications, 273 
and regulatory RNAs (Bludau et al., 2019). There are also several lesser-studied mechanisms of 274 
epigenetic mechanisms, such as RNA modifications, RNA-directed DNA methylation, and genome 275 
architecture (Robine et al., 2009; Lewis et al., 2018; Bludau et al., 2019; Rubenstein et al., 2019). They 276 
mediate gene expression by either modifying the access of transcription factors to regulatory elements or 277 
the abundance of mRNAs through degradation (Bludau et al., 2019). Due to their influence on gene 278 
expression, studies of the epigenetic regulation of parental care has increased quickly in insects.  279 
 The role of DNA methylation regulating behavior is the most studied epigenetic mechanism 280 
within insects. The take home message is that there is currently little evidence that DNA methylation is 281 
associated with changes of behavior or with parental care within insects. Between genes, high DNA 282 
methylation is associated with broad and high levels of gene expression, a difference from vertebrates 283 
(Libbrecht et al., 2016; Cunningham et al., 2019). Within a gene, difference of DNA methylation are not 284 
associated with difference of gene expression, including for Western honey bees. However, it is an 285 
emerging field so strong conclusions are not yet possible.   286 
 Burying Beetles & Clonal Raider Ants. I am grouping these two species as their studies both 287 
produced the same conclusion that differences of DNA methylation were not associated with differences 288 
of behavior. Cunningham and colleagues (2019), using N. vespilloides, found no difference of DNA 289 
methylation associated with males that either directly feed or did not feed offspring. Libbrecht and 290 
colleagues (2016) investigated the association of DNA methylation between the reproductive and brood 291 
care phases of O. biroi and found no link between DNA methylation and the two phases.  292 
 Buff-tailed Bumblebee. The buff-tailed bumblebee (Bombus terrestis) is an eusocial species 293 
whose workers preform both brood care or forage along a gradient, with individuals biasing their behavior 294 
between the two tasks over a period of days. There is also a set of reproductive individuals which produce 295 
haploid sons (Marshall et al., 2019). Porath and colleagues (2019) looked at the A-to-I RNA editing and 296 
found ~150 sites that had high levels of evidence of editing. Editing was biased towards nursing state at 297 
both the individual level and with averaged values; although, very few individual sites were statistically 298 
different between nurses and foragers (Porath et al., 2019). Protein-coding genes with RNA editing were 299 
enriched for ion channels lending credence to this mechanism possibly influencing behavior. The 300 
influence this has on behavior is unknown currently. Further, but not directly associated with brood care, 301 
Marshall and colleagues (2019) using whole heads found no association between differential methylation 302 
of genes and differential expression of genes between reproductive and sterile workers. Marshall and 303 
colleagues (2020) also found little overlap between differences of allele-specific DNA methylation and 304 
difference of allele-specific gene expression between reproductive and sterile workers. 305 
 The carpenter bee C. calcarata. Understanding offspring is also a part of understanding the 306 
mechanistic basis of parental care. To understand the response of offspring to parental care, Arsenault and 307 
colleagues (2018) removed the mother of C. calcarata offspring and investigated their behavioral and 308 
genomic responses. Their analysis of DNA methylation reported detectable difference of DNA 309 
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methylation between care and no-care offspring; however, these differences were not associated with 310 
differences of gene expression or associated with detected alternative splicing events. Therefore, if DNA 311 
methylation is important to behavior in this species, its importance not mediated through its traditional 312 
role of regulating of gene expression.  313 
 Western Honey Bee. There is some evidence that DNA methylation is associated with the 314 
behavior of honey bees. Herb and colleagues (2012) induced foraging bees to revert to nursing by 315 
removing all the nurses of a colony. They found ~150 differentially methylated regions during the 316 
standard nurse to forager transition and ~110 differentially methylated regions during the forager to nurse 317 
reversion. Fifty-seven of the regions overlapped and 45 of which could be recovered with whole genome 318 
bisulfite sequencing on replicated samples. However, Libbrecht and colleagues (2016) performed a 319 
reanalysis of their data using the methods of other studies that suggested DNA methylation was 320 
associated with behavior of honey bees and ants, and did find significant differences between life-history 321 
phases, and convincingly suggested many of the differences detected between worker castes were due to 322 
the use of single biological replicates (Camponotus floridanus - Bonasio et al., 2012; honey bee – Lyko et 323 
al., 2010). Removal of DNA methylation did impact alternative splicing of 87 genes for honey bees (Li-324 
Byarlay et al., 2013). Recently, Harris and colleagues (2019) showed that differences of cytosine 325 
methylation do not associate with difference of gene expression in the Western honey bee. This further 326 
complicates the biological interpretation of difference of cytosine methylation between behavioral states. 327 
A survey of long non-coding RNAs (lncRNAs) between nurses and foragers under standard and age-328 
controlled conditions was performed by Liu and colleagues (2019a). They found ~50 lncRNAs were 329 
consistently differentially expressed between their multiple pairwise comparisons. The genes targeted by 330 
these lncRNAs were developmental pathways. Circular RNAs (circRNAs) are non-coding RNAs 331 
produced from cell circularizing protein-coding exons with no firmly established function; however, the 332 
expression of several circRNAs correlate with the nurse to forager transition in honey bees. (Thölken et 333 
al., 2019). 334 
 335 
Experimental work investigating parental care of insects – Transcriptomic.  336 
 337 
 Transcriptomic architecture of carers and offspring. Behavior has historically been suggested 338 
to have a special set of evolutionary rules due to its flexibility and its rapid rate of evolution, although 339 
behavior does not seriously challenge the classical laws of evolution (reviewed in Bailey et al., 2018). 340 
However, social behavior is unique in that its environment contains the heritable genes of others that can 341 
interact with the focal individual making the environment itself evolvable, which can lead to unusual and 342 
accelerated rates of evolution (Moore et al., 1997; Linksvayer, 2015; Schneider et al., 2017; Bailey et al., 343 
2018). The phenomenon where genes expressed in one individual affect the phenotype of another 344 
individual is termed indirect genetic effects (IGEs;  Moore et al., 1997). Little is known about how these 345 
evolutionary dynamics play out at the molecular level or through gene networks (Bailey and Hoskins, 346 
2014; Warner et al., 2019b). This is despite the evolutionary and quantitative genetics of social behavior 347 
being well established at the theoretical level (e.g., McGlothlin et al., 2010).  348 
 A few studies have approached the genes producing IGEs by sampling interacting individuals at 349 
discrete time points and correlating gene expression to gain a better picture of the “interactome” and help 350 
us construct the gene networks of carer and offspring interactions. These studies have used the pharaoh 351 
ant M. pharaonis (Warner et al., 2019b), the honey bee A. mellifera (Vojvodic et al., 2015), and the 352 
European earwig (Wu et al., 2020). Warner and colleagues (2019b) looked at correlated gene expression 353 
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between nurses that specialized caring for worker-destined larvae at specific developmental stages and 354 
compared them with nurses that cared for larvae of all developmental stages. They found ~2,050 355 
differentially expressed genes and a broad pattern of correlated transcriptional modules between stage 356 
specific larvae and their stage specific nurses (65% of genes expressed in nurses were contained in 357 
modules that were significantly correlated with stage-specific larvae). Vojvodic and colleagues (2015) 358 
looked at differences between nurses of queen-destined and worker-destined larvae, as well as, 359 
differences between queen and worker larvae. They detected 105 genes that were differentially expressed 360 
in the heads of different nurses. What is experimentally difficult but likely informative is to assay the 361 
numbers of genes differentially expressed in larvae that are taken care of by transplanted workers 362 
specializing on a different larval stage. This would address how plastic nurses are and the gene networks 363 
nurses to larvae and larvae to nurses. Wu and colleagues (2020) also assessed differentially expressed 364 
genes in nymphs with ~110 differentially expressed, but none overlapped with mothers. Under relaxed 365 
statistical criteria, they found one overlapping gene, tyrosine hydroxylase, that might influence care. For 366 
the discussion here, it is worth noting that it is also a known (i.e., conserved) gene. They followed up with 367 
an experimental manipulation detailed below.  368 
 This is a recent and emerging area of study that needs further work; however, there are some 369 
shared conclusions that can inform future studies. Two of these studies found tens to hundreds of genes 370 
that were differentially expressed between carers of different castes or different stages of larval 371 
development. Genes involved in interactions are not highly evolutionarily constrained for both the carer 372 
and the offspring (i.e., showed higher rate of nonsynonymous nucleotide substitutions within exons), 373 
which suggests a symmetrical selection on genes underpinning interactions (Vojvodic et al., 2015; 374 
Warner et al., 2019b). Additionally, genes that have secreted products are overrepresented within 375 
differentially expressed gene cohorts, with those genes also being some of the highest differentially 376 
expressed in carers (Vojvodic et al., 2015; Warner et al., 2019bƒa). Genes with strong putative, regulatory 377 
connections for the nurse-larvae gene “interactome” had low connectivity to within tissue networks, an 378 
estimate possible because the abdominal tissues of nurses and larvae were also samples. They were also 379 
evolutionarily less constrained and there was a trend for these being evolutionarily young 380 
(phylostratigraphic analysis: young genes were only present within ants (LCA: ~140 MYA) – 31 vs 381 
ancient genes present within non-insect animals as well – 1,120; Warner et al., 2019b). Enriched 382 
biological processes of these regulatory genes were linked to metabolism. These are both generally 383 
expected trends as genes associated with derived phenotypes are expected to undergo more selection than 384 
genes not associated with derived phenotypes (Molodtsova et al., 2014). They are also expected to be 385 
under less pleiotropic constraint (i.e., at the periphery of gene networks), which are both general features 386 
of gene network evolution (Molodtsova et al., 2014).  387 
 388 
Functional validation of targets from transcriptomic studies.  389 
 390 
While genes are being discovered and quantified in an ever-increasing number of species, experimental 391 
validation of gene function is greatly lagging (Chang et al., 2016). Direct experimental validation is the 392 
only definitive way to establish a causal link between a gene and a phenotype of interest. Tests are 393 
complicated because many molecules associated with behavior (e.g., neuropeptides and 394 
neurotransmitters) are highly potent and tend to control physiology as well. This limits the use of 395 
traditional null alleles due to pleiotropic effects (e.g., Sokolowski, 2001).  396 
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 For parental care, there are a few studies that have functionally validated roles of genes for 397 
particular aspects of parental care. odorant receptor coreceptor (orco) is an obligate co-receptor for all 398 
olfaction of insects and without this protein the nurses of two ant species display reduced sociality 399 
(aggregation with others; O. biroi - Trible et al., 2017; Harpegnathos saltator - Yan et al., 2017). For 400 
many species, there is parental investment in the innate immunity of offspring. An RNA-seq study of the 401 
burying beetle N. vespilloides gut found a lysozyme gene (lysozyme 6, lys6) upregulated during parental 402 
care and followed this up by correlating the mRNA levels of lys6 with the antimicrobial action of the 403 
exudates among individual in a separate sample (Palmer et al., 2016). There have also been several 404 
studies that have tried to pharmacologically manipulate caring behavior. Juvenile hormone (JH) 405 
application does not manipulate task specialization – nursing or foraging – among the adult buff-tailed 406 
bumblebees B. terrestris (Shpigler et al., 2016). In the Western honey bee, a juvenile hormone analogue 407 
accelerated the transition of nurses to foragers (Chang et al., 2015). To date, the best functional 408 
validations of a gene action underpinning insect parental care were conducted by Kohlmeier and 409 
colleagues (2018) and Wu and colleagues (2020). Kohlmeier and colleagues (2018) used RNA 410 
interference (RNAi) to knockdown expression of one of the vitellogenin genes, vitellogenin-like A (vg-411 
like A), in the ant T. longispinosus. They found that RNAi of vg-like A through spiked food reduced brood 412 
care; however, under extended exposure it also prolonged the care of nest mates, an effect they suggested 413 
was mediated through decreased responsiveness to larvae sensory cues (Kohlmeier et al., 2018). They 414 
were also able to show that this is likely a direct genetic effect within nurses as RNAi of vg-like A within 415 
larvae did not alter the care larvae received. Wu and colleagues (2020) using RNAi to knockdown 416 
expression of tyrosine hydroxylase (Th) in mothers of the European earwig. This knockdown lowered 417 
maternal provisioning of offspring. In a tour de force, Hamilton and colleagues (2019) used RNAi with 418 
honey bee workers to knockdown expression of the transcription factors broad and fushi-tarazu 419 
transcription factor 1 (ftz-f1). Of relevance to this review, these knockdowns increased brood care; 420 
however, there was some between colony variability for the RNAi effects. They also used a 421 
pharmacological treatment to show a juvenile hormone analog reversed the effect of broad RNAi (i.e., 422 
decreased brood care), but not ftz-f1 RNAi (Hamilton et al., 2019). They also confirmed these 423 
knockdowns had effects on the expression of direct target genes. This allowed them to construct the 424 
regulatory network of these two transcription factors with broad likely upstream of ftz-f1 (Hamilton et al., 425 
2019). Another study using honey bees artificially selected for increased royal jelly production by Wu and 426 
colleagues (2019) used in vitro measurements of protein-odorant bindings to verify that several candidate 427 
chemosensory genes were targets of brood pheromones that stimulate the antennae of selected lines more 428 
than controls and increase provisioning of royal jelly to queen-destined larvae.   429 
 The successful studies here are encouraging for our ability to more regularly establish a causal 430 
relationship between genes and behavioral phenotypes. Our ability to perform genetic manipulations will 431 
only increase as the resources needed for them increase for non-model systems (e.g., as well assembled 432 
and annotated genomes become easier to produce). New genetic manipulation technologies will also 433 
provide extra tools to establish causal relationships, such as, CRIPR-Cas9 (Bono et al., 2015).  434 
 435 
Future Directions. Conceptual Shifts & Practical Considerations 436 
 437 
In this final section I will highlight some considerations for the field moving forward. I will first outline 438 
some conceptual considerations and suggest how some new ideas can better inform our experiments and 439 
conclusions. Of particular note is the suggestion that functional genomics increase its exploration of the 440 
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genes that underpin indirect genetic effects. Second, I will discuss some practical and experimental 441 
considerations. Within the practical concerns, I would like to highlight the call to standardize the 442 
reporting of biological measures (e.g., GO term enrichment). 443 
 444 
Conceptual Shifts.  445 
 Predictive Frameworks. Functional genomics is by its relative youth and nature usually 446 
exploratory. Through its comprehensive broadness it exceeds at many “look and see” exercises. This 447 
contrasts with behavioral ecology, which is a very mature field that usually demands well-defined 448 
hypotheses and predictions from its experimenters. Both fields can learn from the other. Many functional 449 
genomics studies of well-characterized behaviors can have specific hypotheses within a larger framework 450 
of an exploratory analysis (e.g., Cunningham et al., 2019). Predictions within functional genomic studies 451 
of behavior lead on from three established ideas – Wright’s theory of near universal pleiotropy (Wright, 452 
1968; mechanistically formalized within the “Omnigenetic model” by Pritchard and colleagues (Boyle et 453 
al., 2017; Liu et al., 2019b)), the Phenotypic Gambit (Grafen, 1984; empirically formalized within 454 
Cheverud’s Conjecture (Cheverud, 1988)), and higher order behaviors being synthesized from multiple 455 
lower order behaviors (e.g., Székely et al., 2013) that are extensions of existing behaviors (Tallamy, 456 
1984) and of existing gene networks (Alberts and Kruglyak, 2015; Halfon, 2017; Fig. 1). It also relies on 457 
the aggregate knowledge of genes functions generated over the past fifty years of molecular biology. It 458 
was formalized as the Precursor Hypothesis within a recent review by Moore and Benowitz (2019). As a 459 
single statement, the precursor hypothesis for parental care would posit the gene networks that underpin 460 
parental care are predictable given strong pleiotropy shown by many genes influencing the specific 461 
behaviors that integrate to produce full parental care, such as, a modification of feeding habits (Moore and 462 
Benowitz, 2019; Fig 1). For our purposes here, this line of thinking allows for the prediction of the gene 463 
networks that should be co-opted for each behavioral component that underlies parental care in a novel 464 
species, at both a single gene level (Cunningham et al., 2016; Benowitz et al., 2019) or for classes of 465 
genes (Cunningham et al., 2017; 2019). It can efficiently take the experimenter from phenotypic space, 466 
which is usually the first thing characterized, to a prediction of “transcriptional” space, which is more 467 
technically difficult to access. This view of the evolutionary-genetic trajectories of derived phenotypes 468 
promotes that natural selection will usually act on conserved gene networks (Moore and Benowitz, 2019). 469 
The Precursor Hypothesis differs from the classic and successful evo-devo view of candidate genes (i.e, 470 
genetic-toolkits; Toth and Robinson, 2007) in that it takes a behavior led view for predictions of genes 471 
networks, analogous to the difference between top-down and bottom-up genetics within behavior (Boake 472 
et al., 2002; Rubenstein and Hofmann, 2015). Also, to become more predictive, I argue that we also need 473 
to become more explicit about defining our phenotypes. This also means being more explicit about the 474 
phenotypes we are comparing to and why those phenotypes are directly comparable. 475 
 Conservation of Mechanisms. Leading on from a discussion of pleiotropy within modern 476 
genetics is a related idea about how to quantify the conservation of mechanisms. As information on the 477 
genes used for social behavior first became available, there was a strong sense that repeated evolution of 478 
behavioral phenotypes could be achieved by use of homologous genes, mainly due to the success of 479 
candidate gene approaches from fruit flies (Drosophila spp.) to honey bees, such as foraging (Ben-Shahar 480 
et al., 2002; reviewed in Anreiter and Sokolowski, 2019). However, as the number of species that we have 481 
used for these questions continues to increase, this strict construction of what is conserved has been 482 
challenged with thinking now generally broadened to gene networks and pathways (Berens et al., 2015; 483 
Kapheim et al., 2015; Ritschoff and Robinson, 2016; Moore and Benowitz, 2019). An empirical test of 484 
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this idea is difficult in a behavior as complex as parental care, but tests of single behaviors have been 485 
performed. Shorter and colleagues (2015) leveraged Drosophila melanogaster to perform a highly 486 
powered and focused genome-wide association study for male-male aggression between a huge panel of 487 
inbreed lines and followed this up by intercrossing the lines that demonstrated the extreme high and low 488 
values of aggression. The population used has greatly reduced genetic variation compared with wild 489 
populations and the authors were not able to recapitulate the effect of individual genes on aggression, but 490 
did readily and strongly recapitulate selection on gene networks to produce the same phenotype from, 491 
importantly, a map of gene networks from independent data (Shorter et al., 2015). A similar result was 492 
also found by Berens and colleagues (2015) for the genes underlying castes’ behaviors within eusocial 493 
Hymenoptera when they contrasted a primitively eusocial wasp Polites metricus to honey bees and a fire 494 
ant. Individual genes important for caste behavior of honey bees were poor predictors of behavior within 495 
P. metricus. However, they found a much greater overlap when testing if the same pathways (Kyoto 496 
Encyclopedia of Genes and Genomes (KEGG) pathways or Gene Ontology (GO) terms), rather than 497 
individual genes, were shared between the castes of the species (Berens et al., 2015). They also 498 
empirically demonstrated an under-representation of taxon restricted genes being involved in caste 499 
differentiation in contrast to previous reports. Functional genomics might be a poor place to look for 500 
conservation of some derived phenotype as different levels of biological organization might have 501 
different predispositions to be used for different behaviors (Fischer et al., 2019). Although it is unlikely 502 
that this is the case as variation within higher levels of biological organization (e.g., rewiring a neural 503 
circuit) remains fundamentally linked to gene expression. While we will not know a general conclusion 504 
until we have more data from more species, it is clear that not every gene will have similar expression or 505 
associations analogous phenotypes.  506 
 The empirical work discussed above links well with the suggestion that the broader field of social 507 
behavior moves towards network-based thinking, both for gene networks and behaviors themselves 508 
(Linksvayer et al., 2012; Akçay et al., 2015; Linksvayer, 2015; Silk et al., 2018; Fig. 2). This suggestion 509 
is driven by the want to explicitly link the well-established theory of social evolution (e.g., inclusive 510 
fitness, indirect genetic effects) with genes and their networks, the actual substrate of evolution. The 511 
benefit is reciprocal with social evolution theory benefiting from having to consider the proximate causes 512 
of evolution and their dynamics, while functional genomics will benefit by moving away from verbal 513 
models to explicit expectations of what the gene networks underpinning social behavior should look like. 514 
From the work reviewed here, we can find some consensus for gene networks that naturally align with 515 
behavior (e.g., genes involved in neural function); however, we can also find genes involved in social 516 
interactions that might not align directly with an individual’s behavior (e.g., secreted proteins; Warner et 517 
al., 2019a). This is a relatively unexplored area with few studies attempting to estimate the genetic loci 518 
underpinning IGEs (Wang et al., 2008; Bailey & Hoskins, 2014). Understanding that social behavior is a 519 
product two individuals and their interaction, we might predict that there are two different types of gene 520 
networks needed to understand social behavior; the direct genetic effects within an individual and the 521 
indirect genetic effects of an individual onto the interacting partner (Fig. 3C). Questions that remain open 522 
are many, but fundamentally are about the size and topological features of these gene networks, what 523 
level of regulation and overlap do they share, and are IGE gene networks expected to be as relatively 524 
conserved as the gene networks that underpin direct genetic effect?  525 
 Comparative Frameworks. A very natural question after elucidating the genetic basis of some 526 
phenotype is – how general is the pattern I am observing? This is a place where the evolutionary biology 527 
within behavioral ecology can help inform functional genomics as more datasets become available. 528 
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However, with more data comes the need to be more explicit and rigorous about the comparative 529 
framework the work is placed into. This consideration has both a conceptual and an experimental aim. At 530 
a conceptual level, we need to be clear about what RNA-seq data from any one species can and cannot tell 531 
us about the general trends for evolution of a phenotype. For example, there is little reason to believe 532 
extant subsocial species occupy the complete and necessary phenotypic/genotypic space for lineages that 533 
have become eusocial because not all species are steadily marching towards eusociality and each lineage 534 
is constrained by lineage-specific factors (sensu Linksvayer and Johnson, 2019; contrario sensu Rehan 535 
and Toth, 2015; Kronauer and Libbrecht, 2018). However, that does not invalidate all data gathered from 536 
extant subsocial species to inform the evolution and mechanisms of other parental care species. It just 537 
means that we have to be more careful about how definitive our conclusions are. Questions such as “what 538 
is the complete set of genes used to produce parental care on a species’ way to eusociality” might be 539 
overly simple compared with questions about trends, such as, “to what extent does a reproductive network 540 
need to be rewired to produce a sterile, alloparental caring workers?” A direct counter-argument to the 541 
limit of predictability between species is the success of some candidate genes, such as, foraging and 542 
neuropeptide F. A candidate gene is a specific gene-phenotype association hypothesized to have a 543 
continued association in all/most new species, even if the direction of influence is not conserved 544 
(reviewed in Fitzpatrick et al., 2005). This framework has strong historical roots from the study of the 545 
evolution and development (evo-devo) of morphological traits (Fitzpatrick et al., 2005; Toth and 546 
Robinson, 2007). In fact, the success of candidate genes as a whole has led to the enduring success of the 547 
“genetic toolkits,” that evolution uses certain genes preferentially to generate novel behavioral 548 
phenotypes, particularly for some behaviors, such as, a link between feeding and parental care (Rittschof 549 
and Robinson, 2014; 2016; Fischer and O’Connell, 2017). A weakness of this specific framework is that 550 
there is no a priori way to guarantee which individual gene actions will be conserved, even if strong 551 
arguments can be made for specific genes, such as, neuropeptide F’s role in modifying feeding behavior 552 
(Cunningham et al., 2016). It is therefore likely advantageous to think of the conservation of specific 553 
pathways or gene networks (see previous section). 554 
 555 
Practical & Experimental Considerations.   556 
 557 
 Standardized analyses and reporting. I would like to argue the field needs to improve and 558 
standardize its analyses and reporting. There are technical checklist for reporting qRT-PCR results  559 
(MIQE; Bustin et al., 2009) and RNA-seq experimental guidelines (Conesa et al., 2016), but no such 560 
guidelines exist for biological measures. First, I think it is important for authors to estimate how whole 561 
transcriptomes cluster or support their hypotheses. This requires some test of overall association or 562 
clustering of sample based on treatment, such as, Principal Component Analysis (PCA), hierarchical 563 
clustering, or Multidimensional Scaling (MDS). Testing for a statistically significant association between 564 
treatment and association/clustering requires care, but is possible (e.g., PCA - Peres-Neto et al., 2003; 565 
hierarchical clustering - Kimes et al., 2017). Differential gene expression is the standard analysis of gene 566 
expression and something that all RNA-seq studies preform (Conesa et al., 2016). This should also be 567 
followed by an analysis of gene co-expression. This can help find gene network influenced by treatment 568 
not detectable at the single gene level (Saelens et al., 2018). These networks can also be used to infer 569 
regulatory structure within the gene networks, with genes at the center of these networks assumed to have 570 
regulatory roles do to their high connectivity. In this field, weighted gene co-expression network analysis 571 
(WGCNA) protocol seems to be a popular tool (Langfelder and Horvath, 2008) and one that still performs 572 
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well (Saelens et al., 2018). Gene ontology (GO) term enrichment for both differentially expressed genes 573 
and gene networks associated with treatments should be analyzed. GO term enrichment allows authors to 574 
assign known biological functions to genes and then test for overrepresentation of terms with any cohort 575 
(Ashburner et al., 2000). These terms, rather than solely the number and idenity of differentially 576 
expressed genes, improve our ability to broadly interpret and compare molecular mechanisms across 577 
species. GO term enrichment has noticeable inconsistency with reporting, even if some studies state that 578 
these analyses done.  579 
Permutation/randomization tests are an underutilized tool for this field to produce null 580 
expectations. Permutation tests can reveal how likely estimated values are given the data; however, they 581 
cannot tell one anything outside of that particular data set. That means they cannot be used as an a priori 582 
expectation for another data set. An example is the number of methylation differences between care and 583 
non-care states (Libbrecht and Kronauer, 2016; Cunningham et al., 2019). Even though both studies 584 
found consistent difference of DNA methylation between care and non-care states, they each showed 585 
using permutation/randomization tests this was not more than expected by chance for the samples. This 586 
completely changed the biological interpretation of the data; from DNA methylation being associated 587 
with behavior to there being no association of DNA methylation with behavior.    588 
 Under sampled research areas. There are several obvious areas where there is a lack of 589 
understanding for the mechanistic basis of parental care. First, I would highlight the need to sample both 590 
carers and offspring. Social behavior requires more than one individual and that the other individual also 591 
has evolvable genes that can lead to unique and sometimes rapid evolution of social behavior (Bailey et 592 
al., 2018). This dynamic can perpetuate co-evolution of loci between interacting individuals. However, 593 
there are several basic questions that have no answers: is the transcriptional architecture of an IGE more 594 
or less complex than the behavioral response to abiotic or physiological stimuli, how many loci mediate 595 
IGEs on average, is a particular class of gene more likely to be used to mediate an IGE social interaction? 596 
Second, I would highlight the need to better validate the genes that are associated with parental care. 597 
vitellogenin was an obvious candidate gene family to directly experimentally validate for its role in 598 
parental care as it comes up in almost all analyses of differentially expressed genes between caring and 599 
non-caring individuals.   600 
 Evolution and mechanisms of gene regulation. cis-regulatory elements are DNA sequence 601 
motifs that are binding sites for transcription factors or other proteins that regulate transcription, both 602 
within and outside of the core promoters of genes (Halfon et a., 2008). cis-regulatory elements coupled 603 
with transcription factors and epigenetic mechanisms (chromatin state, regulatory RNAs (microRNAs and 604 
lncRNAs), and DNA methylation) regulate gene expression (Jaenisch and Bird, 2003). Although, DNA 605 
methylation looks to play a reduced role regulating the gene expression of insects (see discussion above). 606 
Understanding how these factors interact in vivo is necessary to fully characterize the regulation of gene 607 
expression through transcriptional regulatory networks (TRNs), or gene regulatory networks (Halfon, 608 
2017; Lu et al., 2017). TRNs are a major target to evolve new phenotypes as they define the sets of genes 609 
expressed within a cell and therefore the identity and function of a cell (Simola et al., 2013; Halfon, 610 
2017). Some work has detailed transcription factor networks of parental are and other behaviors in the 611 
honey bee (Chandrasekaran et al., 2011; Ament et al., 2012; Khamis et al., 2015; Hamilton et al., 2019) 612 
and carpenter bee (Shell and Rehan, 2019). That research has produced some interesting conclusions, 613 
such as, some transcription factors are shared across behaviors, relatively few transcription factors can 614 
regulate behavioral transitions, and that there seems to be a strong hierarchical nature to the TRNs in 615 
honey bee behavior (Chandrasekaran et al., 2011; Khamis et al., 2015; Hamilton et al., 2019). Shell and 616 
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Rehan (2019) also found conserved transcription factors regulating guarding/grooming behaviors. We 617 
need to understand if this is a general feature of all behavior, reversible behaviors, or just of behavior that 618 
evolved to one-way, permanent transitions under standard conditions, such as, the transition from nursing 619 
to foraging of honey bees. What are the properties of a TRN of a reversible behavior where transitions are 620 
not predictable based on or evolved to be linked with age? Bringing in dedicated systems biology 621 
approaches to parental care research will likely produce a much stronger and harmonized understanding 622 
of how this behavior is orchestrated (Fernald, 2011).  623 
 At a practical level, construction of TRNs can be achieved with either computational or 624 
experimental tools. Combining these approaches represents a particularly powerful approach to construct 625 
TRNs (Song et al., 2016). The transcription factor component of TRNs can be constructed with gene 626 
expression data and transcription factor binding site motif information computationally (Ament et al., 627 
2012). A method used by several in the field is ASTRIX (Chandrasekaran et al., 2011; Shell and Rehan, 628 
2019), but other methods do exist (Song et al., 2016). These methods search for over-represented 629 
transcription factor binding sites around differentially expressed genes to reconstruct regulatory networks. 630 
Active binding of transcriptional factors can be investigated at an experimental level with Chromatin 631 
Immunoprecipitation followed by Sequencing (ChIP-seq; Johnson et al., 2007), which uses antibodies to 632 
capture the bound protein-DNA complexes. There are also ways to discover novel binding sites of 633 
transcription factors (e.g., MEME-ChIP; Machanick and Bailey, 2011). Chromatin state is regulated by 634 
histone tail post translational modifications (histone tail PTMs), nucleosome positioning, and chromatin 635 
accessibility through chromosomal packing openness. Histone tail PTMs can be investigated with ChIP-636 
seq, or for any protein-DNA interaction that an antibody is available. The openness of chromatin, a 637 
necessary condition for gene expression, can be investigated with the small samples of many non-model 638 
insects using an Assay for Transposase Accessible Chromatin using Sequencing (ATAC-seq; Buenrostro 639 
et al., 2013). The technique can help to identify 1) cis-regulatory regions to better understand promoter 640 
and enhancer architecture, 2) bound TFs within cis-regulatory regions using “DNA footprints,” and 3) 641 
nucleosome positioning, and 4) open regions of chromatin that indicate proximal genes are active 642 
(Buenrostro et al., 2013; Lu et al., 2017). ATAC-seq is well suited for use with emerging-model species 643 
because it needs little a priori knowledge, small tissue amounts are permissible, and is a relatively simple 644 
protocol to better understand genomic regions of regulatory importance (Lu et al., 2017). Distal 645 
regulatory elements, such as, enhancers and silencers, are also part of TRNs and difficult to investigate 646 
due to their distance from the genes they regulate. Hi-C is a next generation sequencing based extension 647 
of chromosome conformation capture (Dekker et al., 2002) that gives information about the distal 648 
elements of the genome that interact, such as enhancer-promoter interactions, through direct contact or 649 
co-contact with protein complexes providing information on another layer of TRNs (Belton et al., 2012). 650 
Regulatory RNAs (microRNAs and long non-coding RNAs) can be investigated with standard RNA-seq 651 
protocols that differ in pre-processing of total RNA (rRNA depletion rather than polyA selection) or post-652 
library construction size-selection (due to their small sizes). Likely important given their impact on 653 
mRNA levels (Flynt and Lai, 2008; Kornienko et al., 2013), the contribution of these regulatory RNAs to 654 
parental care of insects is withstanding.  655 
  TRNs are an accessible new frontier to understand the functional genomics of insect parental 656 
care. However, the view taken here is very “up-stream” of gene expression. The regulation “down-657 
stream” of gene expression; regulation of proteins in it many forms, is also likely of equal importance as 658 
gene expression regulation per se (e.g., Vogel and Marcotte, 2012). Some common types of regulation are 659 
post-translational modifications, co-factor presence, degradation, and allosteric regulation. However, I 660 
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have not discussed it here on mainly practical grounds, such as, kits are not widely available to robustly 661 
measure proteins, larger amounts of starting material are generally needed, very well constructed and 662 
annotated genomes are needed, and highly specialized equipment with highly specialized technicians to 663 
run them are needed to make progress in this area.  664 
 Taxonomically Restricted Genes (TRGs). While it is likely true that conserved gene network 665 
underpin many new behaviors, as evidenced by the success of candidate gene pathways, it does not 666 
preclude novel genes arising to underpin the evolution of derived phenotypes. Genes that have been 667 
categorized, hereto, as TRGs have been documented to play causal role in some derived social behaviors 668 
(reviewed in Taborsky and Taborsky, 2015), although this is sometimes questioned by re-analyses 669 
(Berens et al., 2015) and is completely dependent on the quality and number of annotated genomes of 670 
closely and moderately related species. How commonly TRGs underpin the evolution of behavior within 671 
the central nervous system might be an outstanding question, but their role in the generation of novel 672 
tissues has more support. Jasper and colleagues (2015) used a very strong predictive framework for the 673 
pattern of TRGs, their connectedness within gene networks, and the amount of coding vs. regulatory 674 
changes associated with genes differentially expressed within novel tissues of honey bees (e.g., 675 
hypopharyngeal gland and Nasonov’s gland). They found that TRGs were highly enriched among 676 
differentially expressed genes within the novel tissues of honey bees; but, were not enriched among 677 
differentially expressed genes within conserved tissues, such as, brain or muscle tissue. Among these 678 
different tissues they also showed that TRGs are not centrally within gene networks (i.e., had statistically 679 
significantly lower degrees of connectedness within constructed gene networks) and had very high rate of 680 
coding sequence evolution (Jasper et al., 2015). This line of thinking extended to behavior would suggest 681 
that as the novelty of a behavior increases, so might the influence of TRGs. An example, regurgitation of 682 
food directly to offspring is highly unusual, but provisioning offspring with a food source is more 683 
common. Would we therefore expect a higher chance of a TRG to underpin regurgitation or a gene with 684 
more coding sequence change than those that underpin food provisioning? While this prediction does 685 
directly follow on from the Jasper and colleagues (2015), I would like to comment on what I view as a 686 
potential pitfall. This type of prediction brings up the issues of what is “novel.” Is the evolutionary change 687 
from no provisioning to provisioning offspring any less novel than provisioning food to direct 688 
regurgitation of food to offspring? As posed this line of thinking also relates a highly step-wise vision of 689 
evolution. Nevertheless, it remains with investigators to carefully articulate their expected evolutionary 690 
scenario and therefore the basis of their predictions of type of genes, and their novelty, underpinning a 691 
behavior.  692 
 Factorial designs to disentangle multiple variables. With the decreasing costs of sequencing, 693 
there is a possibility to design experiments that test multiple variables and combinations of variables 694 
using factorial design with adequate sample sizes. While there will always be a place for experiments that 695 
standardize as much as possible experimentally, it opens the door for experiments that can purposely 696 
assay multiple variables, their interactions, and begin to understand the magnitude of influence that each 697 
variable has on transcriptional architecture. This experimental design is already beginning to enter our 698 
field (e.g., Cunningham et al., 2019; Kohlmeier et al., 2019). Both these studies were able to show that 699 
the behavior an individual was expressing was more influential on transcriptional architecture than other 700 
environmental or physiological variables within the brains of those individuals. With increasing 701 
complexity of experimental design, one needs to remember that there will more uncertainty about the 702 
influence of any one variable and the genes associated with that variable; however, a more complete 703 
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understanding will be achieved. This a natural and expected consequence of multi-variable analyses 704 
(Morissey and Ruxton, 2018). 705 
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Figure 2. Schematic of the Precursor Hypothesis through one evolutionary lineage, N. vespilloides, for one trait, feeding offspring. The evolution of 724 
parental care is expected to be produced from an extension of existing behaviors as a given species’ lineage evolvs parental care. The hypothesized 725 
transitions from feeding oneself to not eating food provisioned to offspring to direct regurgitation of processed food to offspring is shown (Top Panel). 726 
Feeding Self Feeding OthersFood Provisioning –Not Feeding Self
Extensions of existing behaviors
Phylogenetic Time
npf, npfr
Extensions of existing gene networks
npf, npfr
 20 
The gene networks that underpin extended behaviors are expected to be extensions of existing gene networks. Here, this is hypothesized to be novel 727 
regulation of the same gene pathway, neuropeptide F and its receptor (npf and npfr) and the gene network it regulates (not shown)  (Middle Panel). A 728 
schematic of phylogenetic time and trait appearance (hollow white circles) on a phylogeny for the evolution of feeding offspring is shown (Bottom 729 




Figure 3. Integration of social networks with gene networks and indirect genetic effects (Moore et al., 1997; Linksvayer et al., 2012; Akçay et al., 2015; 733 
Linksvayer, 2015; Silk et al., 2018). (A) The social network of a simple family; dam, sire, and one offspring; is shown. (B) Gene networks produce the 734 
additive genetic effects on an individual’s behavior (small, solid black arrows), which in this specific case is shown as parental feeding and begging of 735 
offspring. One level of transcriptional regulatory network (TRN) is shown regulating the expression of gene networks to display the hierarchical nature of 736 
these networks. Indirect genetic effects (IGEs; long, dashed grey arrows) describe the additive genetic variance of one individual’s genes onto the 737 

























variance component (multiple black arrows onto the Feeding box) and one indirect genetic effect onto the begging behavior of her offspring to visualize 739 
an IGE at the level of a single gene (single grey dashed arrow onto the begging box). One level of transcriptional regulatory network (TRN) is again 740 
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